In the cofermentation of glycerol with a sugar by Lactobacillus brevis and Lactobacillus buchneri, a 1,3-propanediol:NAD+ oxidoreductase provides an additional method of NADH disposal. The enzyme has been purified from both L. brevis B22 and L. buchneri B190 and found to have properties very similar to those reported for the enzyme from Klebsiella pneumoniae. The enzymes require Mn2+ and are probably octamers with a molecular mass of 350 kDa. Although not absolutely specific for 1,3-propanediol when tested as dehydrogenases, the enzymes have less than 10% activity with glycerol, ethanol, and 1,2-propanediol. These properties contrast sharply with those of a protein isolated from another Lactobacillus species (L. reuteri) that ferments glycerol with glucose and previously designated a 1,3-propanediol dehydrogenase.
208-A can grow on glycerol by cofermenting it with glucose or fructose (17, 20, 21) . The first two organisms (at least) can also coferment glycerol with ribose or lactate (24) . All these bacteria have a coenzyme B12-dependent dehydratase that converts glycerol to 3-hydroxypropionaldehyde (3-HPA), which is then reduced to 1,3-propanediol (1, (18, 19, 22) .
The anaerobic metabolism of glycerol has been more extensively studied in Klebsiella pneumoniae. This organism has two parallel coenzyme B12-dependent dehydratases (1, 14, 23 ) that produce 3-HPA, which is then reduced to 1,3-PDL by a 1,3-propanediol:NAD+ oxidoreductase (1, 3 -PDL dehydrogenase; EC 1.1.1.202) (9) . One of the dehydratases and the dehydrogenase are expressed together (7) as part of the dha regulon (8) , being induced by dihydroxyacetone and suppressed by aerobiosis and by catabolite repression. These enzymes provide a characteristic and sole means for NADH disposal during glycerol fermentation.
In L. brevis and L. buchneri, the dehydratase and the dehydrogenase are also expressed together but without the need for induction by added glycerol and are not subject to simple catabolite repression (24) . For the lactobacilli, glycerol alone does not support growth, and the enzymes provide a means of NADH disposal besides or in addition to those used during the fermentation of the single carbohydrates. However, it is not clear how the organisms allocate NADH to yield the patterns of end products found. We have examined the dehydrogenases isolated from these lactobacilli to discover whether they are obviously different from that of K. pneuimoniae. Recently, Talarico et al. (21) 1,3-PDL dehydrogenase activity was determined spectrophotometrically (A340) by use of the initial rate of substratedependent NADH formation at 37°C with 1 mM NAD and 155 mM 1,3-PDL contained in 1 ml of 100 mM Tris-HCl buffer (pH 9.0). Before the assay, enzyme samples were first treated for 10 min at 370C with 10 mM dithiothreitol (DTT). In many cases, enzyme fractions showed greatly reduced activity when the D1T treatment was omitted.
One unit of enzyme activity was the amount catalyzing the formation of 1 ,umol of product per min under the specified conditions.
Purification of both 1,3-PDL dehydrogenases. All purification steps were carried out at 40C, and the buffer used was 100 mM MOPS (pH 7.2) containing 1 (iv) Cation-exchange chromatography. Excess protamine sulfate and further unwanted protein were removed by filtration of the E3 samples (L. brevis, 1.2 mg of protein ml-1; L. buchneri, 0.54 mg of protein ml-1) through columns of buffered CM-52 (30 ml for L. brevis; 18.5 ml for L. buchneri) to yield pooled fractions (E4).
(v) Affinity chromatography. Very little (15%) of the dehydrogenase activity of E4 from L. brevis (1.04 mg of protein ml-') was bound to a buffered Blue Sepharose CL-6B matrix, but all that of E4 from L. buchnen (0.38 mg of protein ml-1') was retained by a column (8 ml) of this affinity gel together with about half of the E4 protein. Washing of this latter column with buffer with added 0.3 M KCI removed most of the bound protein before 85% of the L. buchneri enzyme was selectively eluted with buffered NAD (5 mM) as fraction E5 (5 ml) (Fig. 1A) . To remove NAD from the enzyme, we filtered 1-ml aliquots of E5 through a 25-ml column of buffered Sephadex G-25 without significant activity loss.
(vi) Ammonium sulfate concentration. The bulk of E4 from L. brevis (390 ml) was mixed gently with an equal volume of saturated ammonium sulfate solution to precipitate inactive protein, which was removed after 1 h by centrifugation. More ammonium sulfate solution was added to the supernatant fluid to yield 70% saturation, and the enzyme precipitate (collected by centrifugation 1 h later) was dissolved in buffer as sample E, (3.5 ml). This concentrated solution (33.0 mg of protein mO) was taken for gel filtration.
(vii) Gel filtration. Sample E6 was passed down a column (500 ml) of Sephadex G-200 in buffer, and the enzyme activity appeared close to the void volume of the column, coinciding with a minor protein peak (Fig. 1B) . The active fractions (5 ml) were of constant specific activity and were pooled to form sample E7, which was used for the characterization of the L. brevis dehydrogenase.
PAGE. For polyacrylamide gel electrophoresis (PAGE), nondenaturing polyacrylamide gels were made as described by Chrambach et al. (3) and used in two discontinuous buffer systems. The first was the common Tris-glycine system used by Forage and Foster (6) but without 1,2-propanediol and in which the pH of the resolving gel is about 9.6 at 4°C. In the second, the buffers were N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) and N-(2-acetamido)-2-aminoethanesulfonic acid (ACES) used as described by Forage (5) ; in this system the pH of the resolving gel is reduced to 8.4 at 4°C. Electrophoresis was done at 4°C, and the samples used contained up to 0.1 U of enzyme activity. 1,3-PDL dehydrogenase activity was located by formazan formation on incubation of the gels for 10 min in Tris-HCl buffer (125 mM, pH 9.0) containing 1,3-PDL (155 mM), NAD (1 mM), phenazine methosulfate (25 ,ug/ml), and nitroblue tetrazolium (1 ,ug/ml). Before loading of the gels, the samples were treated at 37°C for 10 min first with EDTA (1.5 mM) and then with MnCl2 (2 mM). This routine treatment of the samples prevented the loss of all enzyme activity during electrophoresis and was necessary to allow the visualization of any active bands. Protein bands were located by positive staining with Coomassie blue G-250 (15) . Mobilities (Rb) are reported relative to that of the tracking dye.
In the sodium dodecyl sulfate (SDS)-polyacrylamide denaturing gels, the resolving gel contained 10% (wt/vol) acrylamide, of which 2% was N',N'-bisacrylamide. The stacking gel was the same as that for nondenaturating polyacrylamide gels. These gels were used in the Trisglycine system at room temperature, and the upper electrode buffer contained 0.05% (wt/vol) SDS. Before loading of the gels, the samples were diluted in electrode buffer containing 2% SDS and heated in boiling water for 5 min. Protein bands were located by staining with Coomassie blue R-250. For calculation of denatured protein molecular weights, a commercial low-molecular-weight calibration kit of standard proteins (Pharmacia Great Britain, Ltd.) was used (25 
RESULTS
Isolation of the dehydrogenases. Even though 1,3-PDL is the final product of the metabolism of glycerol and is excreted into the growth medium (7, 8, 21, 24) , there was no evidence for the 1,3-PDL dehydrogenase from either of the organisms being attached to a membrane, since it was found exclusively in the supernatant fluid of the broken-cell suspension. Summaries of the results of the purification procedures are given in Table 1 for L. brevis and in Table 2 for L. buchneri. The enzyme from L. buchneri was purified almost 1,000-fold and in 42% yield. In the case of L. brevis, purification was notably less successful (only 53-fold and in 17% yield); this result was especially disappointing, since the enzyme in Eo appeared to be at least 40% inhibited, the total enzyme activity rising markedly during the first two purification steps (protamine sulfate precipitation and heat treatment). However, Eo from L. brevis was fivefold richer in dehydrogenase than that from the other organism. Both the E5 and E7 final preparations were judged to be at least 95% pure on the basis of protein staining after electrophoresis in either buffer system or with SDS denaturation.
A requirement for a divalent metal ion was reported for the 1,3-PDL dehydrogenase isolated from K pneumoniae (9) , and the enzyme from either lactobacillus was found to be very unstable during fractionation unless Mn2" was freshly included in the solutions. This instability may have been connected with the large loss (up to 70%) of the activity of There was also a further loss (40%) of the L. brevis enzyme activity during the gentle procedure of gel filtration (with Mn2+), and no treatment to recover this activity was found. Nor was there any evidence for reversible dissociation into less active subunits (2), tested by recombining fractions that had been reconcentrated by ultrafiltration. The addition of 1,3-PDL (250 mM), NAD (1 mM), or DTT (3 mM) to the gel filtration buffer had no effect.
Both of the dehydrogenases activities were also found to be lost completely during gel electrophoresis unless the enzyme samples were treated immediately beforehand with EDTA PAGE analysis with the Tris-glycine system of these samples from L. brevis showed (Fig. 3) that the different ions supported the appearance of a sharp protein band at R. = 0.09 at the expense of the broad bands (R. = 0.16 and R. = 0.22) found after EDTA inactivation. The sharp band coincided precisely in all cases with the sharp band of enzymatic activity that was detected before protein staining; also, the extent of formazan production was similar to the degree of apparent enzyme reactivation measured before electrophoresis. The minor protein bands at Rb = 0.06 and R. = 0.14 were unchanged by metal ions and presumably represented protein impurities. In the case of L. buchneri, whose dehydrogenase was more easily inactivated during electrophoresis, an active band was found only after treatment with
Mn2S
ince Mn 21 seemed especially effective at stabilizing the enzymes, the apparent degree of binding of this ion to the two purified preparations was measured kinetically after the samples had been passed through a chelating resin. The CH3eCHt-CHs-CHaOH (butan-e-ol) 13 5 CHNOH-CH,-CH,-CH,OH 26 10 (1,4-butanediol)
CH3-CH,-CHoOH (propan-b-ol) 10 3 anActivity with the various substrates (155 mM) was measured at 25hC as described in Materials and Methods. for activity (9) . However, one difference is that the K pneumoniae protein is inactive as glycerol dehydrogenase, but the lactobacillus enzymes can dehydrogenate glycerol at a significant rate when the glycerol concentration is very high.
In contrast, the other lactobacillus enzyme able to dehydrogenate 1,3-PDL, obtained from L. reuten (21) , is quite different (Table 5) . It is smaller (180 kDa), requires only a monovalent cation (K+), is much less active as a dehydrogenase with 1,3-PDL than with glycerol, and is as active as a reductase with dihydroxyacetone and acetol as with 3-HPA. It is surprising that the 1,3-PDL dehydrogenase isolated from L. reuteri is a protein different from the one found in L. brevis and L. buchneri, since all three strains of lactobacilli ferment glucose and produce 1,3-PDL from glycerol in a similar way (17, 21, 24) . This L. reuteri enzyme resembles more closely the K. pneumoniae glycerol dehydrogenase described by McGregor et al. (13) . It is therefore possible that the L. reuteri enzyme described acts in vivo, during growth with glycerol, as a glycerol dehydrogenase and that a 1,3-PDL dehydrogenase actually responsible for 3-HPA reduction in this organism has so far escaped detection because of inactivation similar to that observed for L.
buchneri during PAGE analysis. 
